We estimate possible delayed ␤ decay signatures of the neutrino induced reactions on 16 O in a two-step model: the primary neutrino (,l) process, where l is the lepton in the final state, is described within the random phase approximation, while the subsequent decay of the excited nuclear state in the final channel is treated within the statistical model. We calculate partial reaction cross sections leading to ␤ unstable nuclei. We consider neutrino energies up to 500 MeV, relevant for atmospheric neutrino detection in Super-Kamiokande, and supernova neutrino spectra. DOI: 10.1103/PhysRevD.66.013007 PACS number͑s͒: 13.15.ϩg, 14.60.Pq, 25.30.Pt, 96.40.Tv The observation of neutrino-induced events by the SuperKamiokande ͑SK͒ Collaboration has contributed decisively to the understanding of several fundamental physics questions: e.g., the atmospheric neutrino puzzle, related to neutrino oscillations ͓1͔, the confirmation of the deficit of solar neutrinos compared to expectations from solar models ͓2͔, and the first detection of supernova neutrinos by its smaller predecessor ͓3͔ which has supported the basic understanding of core collapse supernovae. The main neutrino detection scheme in SK are -electron elastic scattering, absorption on free nucleons, and quasielastic charged-current scattering on 16 O. However, other neutrino induced reactions are of interest as well. For example, in Ref. ͓4͔ it has been shown that ␥ rays produced by inelastic scattering off 16 O, followed by nucleon emission through particle-bound excited states in 15 O and 15 N, can be used as signal for supernova and neutrinos and antineutrinos in SK. Clearly, many of the primary neutral-and charged-current -induced reactions in SK occur on 16 O. Atmospheric neutrinos have high enough energies so that the final nucleus in the primary reaction will be in an excited state which will then decay by a cascade of particle and ␥ emissions. Nussinov and Shrock ͓5͔ stressed that these cascades can result in the production of ␤-unstable nuclei. If the Q ␤ values of these nuclei are above the observational threshold energy in SK (ϳ5 MeV), these decays might be detectable, and since they are usually delayed, might offer an additional characteristic signature of the neutrino-induced reactions. As possible candidates 16 N (T 1/2 ϭ7.13 s, Q ␤ ϭ10. Reference ͓5͔ also mentions that the same signature could serve as an additional signal for supernova neutrino detection in Super-Kamiokande. We have therefore also calculated the relevant partial reaction cross sections for neutrino energies expected in the core collapse supernova bursts. Typically, supernova models predict a neutrino energy hierarchy in which the average neutrino energies follow the Ē e ϽĒ e ϽĒ x pattern, where x is a shorthand for , and their antiparticles which are expected to have identical spectra. This hierarchy, however, could be modified by neutrino oscillations. Without oscillations, due to the rather high particle threshold in 16 O, only supernova x will react appreciably with 16 O in the water Č erenkov detectors by the neutral current interactions. However, if e ↔ and/or e ↔ oscillations occur, the e and e neutrinos can induce chargedcurrent reactions due to their increased energy. We have studied this possibility as well.
The observation of neutrino-induced events by the SuperKamiokande ͑SK͒ Collaboration has contributed decisively to the understanding of several fundamental physics questions: e.g., the atmospheric neutrino puzzle, related to neutrino oscillations ͓1͔, the confirmation of the deficit of solar neutrinos compared to expectations from solar models ͓2͔, and the first detection of supernova neutrinos by its smaller predecessor ͓3͔ which has supported the basic understanding of core collapse supernovae. The main neutrino detection scheme in SK are -electron elastic scattering, absorption on free nucleons, and quasielastic charged-current scattering on 16 O. However, other neutrino induced reactions are of interest as well. For example, in Ref. ͓4͔ it has been shown that ␥ rays produced by inelastic scattering off 16 O, followed by nucleon emission through particle-bound excited states in 15 O and 15 N, can be used as signal for supernova and neutrinos and antineutrinos in SK. Clearly, many of the primary neutral-and charged-current -induced reactions in SK occur on 16 O. Atmospheric neutrinos have high enough energies so that the final nucleus in the primary reaction will be in an excited state which will then decay by a cascade of particle and ␥ emissions. Nussinov and Shrock ͓5͔ stressed that these cascades can result in the production of ␤-unstable nuclei. If the Q ␤ values of these nuclei are above the observational threshold energy in SK (ϳ5 MeV), these decays might be detectable, and since they are usually delayed, might offer an additional characteristic signature of the neutrino-induced reactions. As possible candidates 16 N (T 1/2 ϭ7.13 s, Q ␤ ϭ10.4 MeV͒, 15 C (T 1/2 ϭ2.4 s, Q ␤ ϭ9.8 MeV͒, 12 B (T 1/2 ϭ20.2 ms, Q ␤ ϭ13. 4 MeV͒, and 12 N (T 1/2 ϭ11 ms, Q EC ϭ17.3 MeV͒ have been identified. Nussinov and Shrock have estimated the expected event rates for reactions in SK induced by atmospheric neutrinos leading to such nuclei on the basis of continuum random phase approximation ͑CRPA͒ calculations performed for Liquid Scintillation Neutrino Detector ͑LSND͒ neutrino beams and a 12 C target ͓6͔. Reference ͓5͔ called for improved calculations of the nuclear physics pathways to the various unstable nuclei. We have performed such calculations, adopting the same approach as already used in Ref.
͓4͔.
Reference ͓5͔ also mentions that the same signature could serve as an additional signal for supernova neutrino detection in Super-Kamiokande. We have therefore also calculated the relevant partial reaction cross sections for neutrino energies expected in the core collapse supernova bursts. Typically, supernova models predict a neutrino energy hierarchy in which the average neutrino energies follow the Ē e ϽĒ e ϽĒ x pattern, where x is a shorthand for , and their antiparticles which are expected to have identical spectra. This hierarchy, however, could be modified by neutrino oscillations. Without oscillations, due to the rather high particle threshold in 16 O, only supernova x will react appreciably with 16 O in the water Č erenkov detectors by the neutral current interactions. However, if e ↔ and/or e ↔ oscillations occur, the e and e neutrinos can induce chargedcurrent reactions due to their increased energy. We have studied this possibility as well.
To calculate the various partial neutrino-induced reaction cross sections for neutrino-induced reactions on 16 O we assume a two-step process. In the first step we calculate the charged current ͑CC͒ (,Ј) 16 O*, as a function of excitation energy in the final nucleus. These calculations have been performed within the CRPA using the finite range force based on the Bonn potential ͓7͔ and considering all multipole operators with Jр9 and both parities. The CRPA model is described in Ref. ͓8͔ . In the second step we calculate for each final state with well-defined energy the branching ratios into the various decay channels using the statistical model code SMOKER ͓9͔. As possible final states in the residual nucleus the SMOKER code considers the experimentally known levels supplemented at higher energies by an appropriate level density formula ͓9͔. As decay channels proton, neutron, ␣ and ␥ emission are included in the code. If the decay leads to an excited level of the residual nucleus, we calculate the branching ratios for the decay of this state in an analogous fashion ͓4͔. Using the appropriate branching ratios and the corresponding primary charged-or neutral-current cross sections, we determine the various partial particle emission cross sections.
We note that our model has been previously used to calculate various neutrino-induced reaction cross sections and muon capture rates. For the present application it is important that the model describes both the total muon capture rate on 16 O as well as the partial captures to particle-bound states in 16 N quite well ͓10,11͔. O, and 12 N ground states in the final channel; these cross sections reflect the sum over all cross sections with particle-bound states of these nuclei as these excited states will fast decay to the ground state by ␥ emission. Our calculations have been performed up to neutrino energies E ϭ500 MeV. At higher energies the total cross sections can be obtained from a relativistic Fermi gas model ͓12͔, including, however, additional channels such as pion production.
The results allow us to draw some interesting conclusions. While the total cross sections increase with neutrino energies, most of this increase goes into new channels which open up with increasing neutrino energy and the partial cross sections leading to definite states have the tendency to saturate. Thus our partial cross sections to these states, obtained for, say, E ϭ500 MeV, can be used to derive upper limits for the corresponding branching ratios expected for atmospheric neutrinos which, on average, have even larger energies.
The 16 O( e ,e ϩ ) reaction leading to particle-bound states in 16 N deserves special attention. In addition to the 16 N ground state ͑with J ϭ2 Ϫ ) there are 0 Ϫ , 3 Ϫ , and 1 Ϫ states below the neutron threshold which will decay by ␥ emission to the ␤ unstable 16 N ground state. In muon capture the particle-bound states contribute about 10% of the total rate, with the ground state dominating, in close agreement between data ͓13͔ and calculation ͓10͔. The situation is similar in the ( e ,e ϩ ) reaction. For E ϭ100 MeV, which resembles the energy transfer encountered in muon capture, we find that about 10% of the total cross section leads to particle-bound states in 16 N, and hence are followed by a ␤ decay of the 16 N ground state. For smaller ͑higher͒ neutrino energies, the relative weight of the particle-bound states in phase space increases ͑decreases͒. This is also clearly born out in our calculation. For E ϭ50 MeV nearly 20% of the total cross section ends finally by ␤ decay of 16 N. At higher neutrino energies, relevant for atmospheric neutrinos, this percentage drops to about 1.6% for 500 MeV neutrinos and will be even smaller for more energetic neutrinos. As discussed above, reaction cross section to specific states have the tendency to saturate with increasing neutrino energy. O( e ,e ϩ ) cross sections for neutrino energies up to 200 MeV have been calculated by Haxton ͓14͔ using the nuclear shell model. As noted by the author, the considered allowed and first forbidden response ͑and model space͒ is probably sufficient to reliably describe the inclusive neutrino reactions for E р100 MeV, while at higher neutrino energies additional nuclear modes ͑and a larger model space͒ are required. This is confirmed by our calculations. For E р100 MeV our results agree quite well with those calculated by Haxton ͓14͔, while for E ϭ200 MeV our cross sections are larger than those in Ref.
͓14͔ by more than a factor of 2. Haxton also studied the 16 O( e ,e ϩ ) reaction leading to the particle-bound states in 16 N. It is important to note that this calculation is independent of his restriction in nuclear response and model space. Indeed, Haxton finds an energy dependence of the partial cross section which is rather close to ours, also showing the saturation with increasing energy E . Our calculation of the absolute 16 O( e ,e ϩ )
16
N cross section, which has been cross checked against the relevant partial muon capture rates, gives somewhat larger result ͑by about a factor of 2͒ than those in Ref.
͓14͔.
Nussinov and Shrock ͓5͔ assumed that of order 10% of the e induced reactions from the atmospheric neutrino flux will be followed by a ␤ decay of 16 N and hence might be a viable additional signal for these reactions in the SuperKamiokande detector. While our calculation confirms the general idea of these authors, it indicates that the relative 1 The partial rates listed in B, produced by ( e ,e ϩ ␣). The respective partial cross section is about 1.5% of the total for E ϭ500 MeV. This is much higher than for the e -induced reaction, where the ␣ decay channel to the 12 N ground state contributes only about 0.1% to the total cross section for E ϭ500 MeV due to the larger Coulomb barrier. Our partial cross sections leading to 12 B and 12 N are more than an order smaller than the estimates used in Ref. ͓5͔, although some of the discrepancy is removed if one normalizes the branching ratios to similar energies. Our partial cross sections scale the expected number of events for the current SK data to the order ϽO(10). In the e -induced reactions most of the ␣ decays go to excited states of 12 N which then dominantly decay by proton emission leading to 11 C. Unfortunately the Q ␤ value of this nucleus ͑1.9 MeV͒ is below the observational limit of SK. The same is true for the reactions leading to 15 O, which contributes about 2.6% of the total ( e ,e Ϫ ) cross section for E ϭ500 MeV.
Our neutral-current cross sections are, as customary, presented as averages of neutrino and antineutrino cross sections ͑see Fig. 1͒ . The sum of the (,Јp) and (,Јn) cross sections through the particle-bound excited states in for E ϭ50 MeV to 481ϫ10 Ϫ42 cm 2 for E ϭ500 MeV. Nevertheless the relative weight of these channels decreases with increasing neutrino energy. While it contributes more than 30% for E ϭ50 MeV, its fraction has decreased to 3.5% for E ϭ500 MeV. We note that, even at E ϭ500 MeV, a large portion of the cross section leads to the production of 15 O ͑more than 5%), whose decay is unfortunately not detectable by SK due to its low Q ␤ value.
We have repeated all calculations for and neutrinos. We find slightly smaller ͑by about 5%) total cross sections for neutrinos than for electron neutrinos, while the relative branchings are nearly unchanged at atmospheric neutrino energies, i.e., E Ͼ300 MeV.
It has been suggested that some of the late-time electrons or positrons observed in the Kamiokande from supernova 1987A have arisen from beta decays of nuclei produced by neutrinos that arrived earlier during the interval of supernova neutrino data ͓15͔. Motivated by this intriguing possibility we have calculated partial cross sections for supernova induced reactions on 16 O leading to ␤-unstable nuclei.
While most supernova models ͓16 -19͔ agree that the above mentioned neutrino energy hierarchy, Ē e ϽĒ e ϽĒ x is expected, there is a considerable uncertainty in the actual values of these average energies. In many applications it is assumed that the supernova neutrino spectra can be represented by Fermi-Dirac ͑FD͒ distributions with temperature T and degeneracy parameter ␣. But again, various models predict different values for these parameters. Since our purpose here is to aid future observations by calculating cross sections, we present our results in Table I for a few relevant channels as a function of the incoming neutrino energy. Once there is a consensus on the expected neutrino flux energy profile, it will be easy to perform the corresponding folding.
Similarly, while there is a consensus that the observation of atmospheric and solar neutrinos ͑see, in particular, Ref.
͓20͔͒ can be explained only by neutrino oscillations, the actual values of oscillation parameters remain uncertain. The signal of supernova SN1987A ͓3,21͔ has been analyzed by many people as a source of information on oscillations ͓22-24͔. The conclusions are, however, contradictory, due no doubt to the low statistical significance of the SN1987A signal. It is thus important to explore all means to enhance and quantify the neutrino signal of the future galactic supernova. The possibility of signals with delayed ␤ emission is explored here.
In Table I we show the calculated total cross sections for the CC e and e induced reactions and for the NC x induced reaction, as well as the partial cross sections leading to the ␤ unstable and potentially observable nuclei 16 N, 12 B, and 12 N. As has already been shown by Haxton ͓14͔, the thresholds in
16
O are too high for supernova e and e neutrinos with average energies of about 12 and 15 MeV, respectively, to significantly induce charged-current reactions. However, the average energies of x neutrinos is expected to be large enough (Ē x ϳ25 MeV͒ to excite states in 16 O above particle thresholds which then decay by particle emission. As can be seen in Table II , which summarizes the total and various partial neutral-current reaction cross sections for the Fermi-Dirac distribution with Tϭ8 MeV taken as a representative case for the expected spectrum of the x neutrinos, most of these decays ͑about 85%͒ are by single neutron and proton emissions which dominantly lead directly to the ground states of 15 N and 15 O. However, in an important second branch the particle emission is to particle-bound states in 15 N and 15 O; the subsequent ␥ decays should be observable in Super-Kamiokande and can serve as a signal for supernova x neutrinos ͓4͔. Other, less important decay branches lead to 11 C or 14 C. But similar to 15 O, none of these beta unstable nuclei offers an observable delayed signal for the SK detector. Note that the NC reactions are not affected by neutrino oscillations among ''active,'' i.e., nonsterile neutrinos.
While our main results are shown in Table I, Table III shows the total and partial e -induced charged-current reaction cross sections, calculated for low (Tϭ4 MeV) and high (Tϭ8 MeV) temperatures, to stress the steep dependence of yield on temperature ͑or average energy͒. The par-tial cross section 16 O( e ,e Ϫ p␥) 15 O*, i.e., the supernova signal of Ref. ͓4͔, is rather large. Thus, for large Ē e both charged-current and neutral-current reactions will lead to such a decay mode. These two events can, however, be distinguished in the SK detector as the charged-current events will be accompanied by the production of an electron in the final state, which can be detected, while in the neutralcurrent reaction there is no electron. An interesting further decay branch is given by the 16 O( e ,e Ϫ ␣) 12 N reaction ͑see also Table I͒ which contributes about 1% to the total charged-current reaction cross section. Thus, one expects O(10) 12 N events in the SK detector for a supernova in the galactic center at 10 kpc and if Tϭ8 MeV for e indeed occurs.
Finally, in Table IV we show the cross sections for the e -induced charged-current reaction on 16 O, again for two temperatures Tϭ5 MeV and Tϭ8 MeV to show the steep temperature dependence. For the antineutrino energies involved, the reactions often lead to excited states in 16 N which then dominantly decay by neutron emission. We find that about 50% of the reactions produce the stable ground state of 15 N as the final nuclear state. In addition, as noted above, a sizable fraction of the ( e ,e ϩ ) reactions at low neutrino energies lead to particle-bound states in 16 N, fol- 
